This paper provides an overview of some significant aspects concerning the design of concrete tunnel linings subjected to severe fire exposure. The distinguishing feature of tunnel fires is the possible rapid rise of the air temperature within few minutes. The factors that contribute to this phenomenon in combination with the fire duration and the fire spread along the longitudinal direction are cited. Additionally, the widely used fire curves are presented, showing their influence on the predicted temperature profile of a concrete cross-section through uncoupled heat transfer transient numerical analyses. Then, the effect of fire on the concrete behaviour is briefly described with examples from real fire accidents. The focus is on the explosive spalling of concrete, provided that, in general, tunnels are at greater risk than other structures, principally due to the high heating rate and the high initial moisture content. The main features and mechanisms of spalling are presented in conjunction with the available modelling techniques and the design approaches against spalling. Finally, the effectiveness of several passive protection measures is discussed, based on the recent experiences.
rity of the tunnel lining (favouring the explosive spalling) of normal strength concrete (NSC) and high strength concrete (HSC). Consequently, a wide range of detection devices and active or passive protection measures are currently installed in tunnels worldwide. The experience gained from large fire events with several detrimental effects, for example, in the Channel (1996, England-France, rail tunnel), 1, 5 the Mont Blanc (1999, France-Italy, road tunnel), 1, 6 the Tauern (1999, Austria, road tunnel) 6, 7 and the St. Gotthard (2001, Switzerland, road tunnel) 1, 6 tunnels, in combination with full-scale experiments within the framework of extensive research projects for tunnel fire safety in response to these accidents (e.g., DARTS, FIT, UPTUN, Safe Tunnel, SIRTAKI, Virtual Fires, Safe-T, L-SURF) 1 have provided invaluable knowledge for a more foresighted and effective planning of underground space, and demonstrated the significance of fire safety management in tunnels.
Introduction
Numerous catastrophic tunnel fire events have occurred during the past decades, increasing the interest in structural fire safety of underground facilities. Detailed summaries of road and rail tunnel fire incidents can be found in the literature, [1] [2] [3] [4] clearly highlighting the importance of factoring fire risk in the design of tunnels. Although fires in road tunnels are more frequent, the number of fatalities during fires in railway systems generally seems to be far greater. 1 However, apart from fatalities, injuries and property loss, a prolonged disruption of operations may occur, mainly due to considerable structural damage of the lining.
The special feature that distinguishes tunnel fires from the ordinary ones (e.g., those that occur in buildings) is the sharp rise of the ceiling gas temperature, often in excess of 1000°C, within few minutes. This phenomenon affects both the fire suppression (rendering a rapid extinguishing almost impossible) and the structural integ-
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Chrysanthos Maraveas, Technical Director; Apostolos A. Vrakas, Civil Eng.; C. Maraveas Partnership, Athens, Greece. Subsequently, the effect of fire on the concrete behaviour is described with due attention to the phenomenon of explosive spalling. Its main features and mechanisms are presented in conjunction with the available modelling methods and design approaches for fire safety of tunnels (few code provisions exist). Examples from real fire accidents are included to demonstrate the possible fire-induced damage of the tunnel structure. Finally, several passive protection measures are examined for their effectiveness, advantages and drawbacks.
Fire Characteristics and Fire Curves

Fire Characteristics
The tunnel fires are peculiar due to the characteristics of burning fuel and vehicles with high calorific potential in combination with the confinement of the heat released. The increase in serious road tunnel fire accidents is closely related to the increase in the traffic of heavy goods vehicles on the highways, while even non-hazardous materials may become dangerous when burned in a confined space, see for example, flour and margarine in the Mont Blanc or tyres in the Gotthard tunnel fire. 6 The combination of the aforementioned features can lead to remarkably high heat release rates (HRR) and gas temperatures, as well as long fire duration. The highest thermal impact appears normally at the top of the tunnel (ceiling), owing to the direct flame impingement, and becomes smaller at the benches. 8 Apart from real tunnel accidents including the well-known cases that are referred to in the introductory section, wide knowledge has been obtained by means of large-scale fire tests. A detailed review of the extensive research projects can be found in the well-known handbook of tunnel fire safety 1 ; however, special mention should be made of the Runehamar fire tests (Norway, 2003 , under the aegis of the UPTUN project) 4, 8, 9 that have provided valuable information with respect to several factors related to tunnel fires.
Five different mechanisms of fire spread in a tunnel are generally considered 10, 11 : (a) flame impingement; (b) flame spread; (c) remote/spontaneous ignition; (d) fuel transfer and (e) explosion, which indicate its severity. Smoke and toxic gases emitted from the burning materials can greatly reduce the visibility and subsequently impede both evacuation and fire-fighting. Therefore, sufficient ventilation capacity is one of the most important issues in tunnel fire safety, affecting the HRR, the fire size and the spread, as well as the smoke control. Extensive reviews 1 and studies based upon model, 12 mid-scale 13 and large-scale tunnel fire tests 9, 11, 14 are available in the literature on this topic.
In general, the ventilation systems can be either natural or mechanical (forced). The latter systems contain longitudinal and transverse (fully-, semi-or exhaust semi-transverse) configurations that involve several components such as fans, ducts and dampers to control the air movement. Practically, the ventilation velocity should be greater than the minimum air velocity required for the suppression of the smoke spreading against the longitudinal ventilation flow under fire conditions (smoke reverse flow) preventing back-layering, which means that the tunnel is free of smoke upstream of the fire site. 15 This minimum velocity is referred to as the critical ventilation velocity.
It becomes apparent that a tunnel fire gives rise to complex three-dimensional phenomena that are influenced by the HRR (and thus by the combustible sources), the ventilation system and the tunnel geometry. The transfer of heat within the tunnel can be assessed using the computational fluid dynamics (CFD) modelling, 1 which apart from a trustworthy simulation of the smoke flow propagation, provides a means to visualize, understand and interpret the phenomena that cannot be easily observed or measured. Its greatest disadvantage is the high computational cost; however, hybrid (multiscale) models have been developed to handle this problem. 16 In particular, they decrease the required time of a pure three-dimensional simulation without significant loss of accuracy by combining the three-dimensional models (for the area close to the seat of the fire) with the one-dimensional ones (for the regions away from the fire). Several experimental results have been used for the verification or even the calibration of CFD models for further studies. 17, 18 Besides these sophisticated field models, some fire zone 19 and empirical models 20 are widely used. The latter models are expressed via analytical relationships (derived from the evaluation of fire tests) and estimate the maximum ceiling gas temperature taking into account various relevant parameters as have been listed above (e.g., HRR, tunnel geometry and ventilation conditions). Nevertheless, the fire curves, presented in the next subsection, still remain the most common approach in engineering practice. The assessment of the thermal response is fundamental with respect to the evaluation of the overall stability and safety of a structure. More specifically, after the determination of the temperature distribution within the lining using the corresponding temperaturedependent thermal properties (density, conductivity and specific heat), the structural performance can be calculated based upon the modified mechanical properties. Furthermore, performance-based design alternatives (accounting for different fire scenarios, material properties, loading conditions and so on) would allow for a higher flexibility of design, providing a better understanding of the behaviour of the structure.
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Fire Curves
Various time-temperature curves have been proposed. The most popular of them, 4, 8, 22, 23 related to tunnel design, are as follows ( Fig. 1): ( 28 in cooperation with the International Tunnelling Association (ITA) 8 have provided recommendations with respect to the selection of the appropriate fire curve. According to the type of traffic (cars/vans vs. trucks/tankers) and the consequences of the structural failure due to fire, the use of either the ISO 834 or the RWS/ HCM curve is proposed (with the corresponding fire duration), both for the main and the secondary structures.
Thermal Analysis of a Cross-Section
The influence of the aforementioned fire curves on the developed temperatures in an unprotected reinforced concrete section is examined through mere uncoupled heat transfer transient finite element analyses. 29 A 600-mm deep and 150-mm wide rectangular cross-section reinforced with three 16-mm steel bars is considered, assuming a cover depth of 45 mm (Fig. 2a) . Two-dimensional heat transfer elements (four-node linear elements with a nodal temperature degree of freedom) are used for estimating the thermal response of the concrete section. A convection coefficient of 50 W/m 2 K in conjunction with a radiation emissivity of 0,5 is assumed for the exposed surface, while the convection coefficient for the unexposed surface is taken as 9 W/m 2 K neglecting heat flow due to radiation, according to EC 1-1.2. 25 The heat is applied to the bottom surface of the section, while no heat is transferred normal to the vertical surfaces (adiabatic conditions). The specific heat (assuming a moisture content of 3% for the concrete) as well the thermal conductivity (considering the upper limit for the concrete) of concrete and steel are calculated according to EC 2-1.2. 30 Their densities are taken as 2300 kg/m 3 and 7850 kg/m 3 , respectively.
The thermal analyses results are presented in Figs. 3 and 4. Figure 3 shows the time-temperature curves for points A, B and C (cf. Fig. 2a for their location and Fig. 2b for a temperature contour of the finite element model), whereas Fig. 4 illustrates the temperature distribution at the depth of the section for different fire exposure times (5, 10 and 30 min). The high heating rate of the fire curves (3)-(6) leads to steep temperature gradients close to the bottom surface (to a depth of about 30 mm), which in turn will cause a thermal shock to the surrounding concrete. More specifically, temperatures above 800°C appear within the first 10 min of fire exposure. These indicative numerical predictions have also been observed in experimental studies (e.g. Ref. [31] ). On the other hand, the cellulosic curves (1) and (2) cannot produce such high temperatures.
The temperature field is of crucial importance with respect to the structural safety of the lining, due to the consequent degradation of the mechanical properties of its components. However, the reliability of the present thermal response requires the maintenance of the concrete integrity (as well as the use of no protection measures). As will be thoroughly described in the subsequent sections, spalling is a common phenomenon occurring in concrete members under severe fire exposure that causes a successive loss of material (Fig. 5a) . As a result, the corresponding temperatures at the depth of the section will exhibit a sharp increase as the concrete is gradually scaled off. After the removal of the entire concrete cover, the steel bars will be no longer insulated (Fig. 5a ), consequently losing in a short time both their strength and stiffness.
Ultimately, it is obvious from the results of these indicative thermal analyses that the design of a structural member for fire safety depends on the selection of the time-temperature curve, which may not be representative of the occurring situation, especially in tunnels, where a wide range of factors affect the size, the growth and the duration of fire.
Concrete Behaviour in Fire
General Properties
Concrete neither burns nor emits any toxic fumes or smoke when exposed to fire, offering a high degree of fire resistance. Additionally, the slow rate of heat transfer (low thermal conductivity) enables concrete to act as an effective fire shield. This excellent performance is due to the main constituents of its mixture, namely cement and aggregates. Both material and structural behaviour of concrete are well described in the literature. 21, 23, [32] [33] [34] However, a brief overview is presented in the following sections for completeness.
Material Behaviour
Concerning the material behaviour of concrete at elevated temperatures, an irreversible loss of stiffness and strength takes place, which is referred to as thermal damage (or softening) and thermal decohesion, respectively. 32, 35 As a result, the elastic (Young's) modulus and the compressive and tensile strength can be expressed with respect to the temperature, constituting temperature-dependent variables. Several relations and curves (either prescriptive-codified 30 or experimental 32 ) have been proposed not only for concrete, but also for the steel reinforcement. When exposed to high temperature, the chemical composition and physical structure of concrete change considerably. Microstructural analysis of firedamaged concrete has shown that both thermal damage and decohesion result from the dehydration of concrete on the microlevel, while the cement paste, the type of aggregates and the water content affect the overall response to a large degree.
32,35
Structural Behaviour
Concerning the structural behaviour of concrete exposed to high temperatures, it may be characterized by spalling (depending on various factors, summarized in the section on Explosive Spalling), where pieces of concrete fall off the surface of a structural element (Fig. 5a) . Several types of spalling are defined in the literature. 23, 33, 36, 37 An instructive approach is to consider the location of its occurrence and its origin. 38 . Depending on the first factor, spalling can be divided into three categories, namely, aggregate, corner (cf., e.g., beams and columns) and surface spalling; while depending on the second factor, it can be divided into two categories, namely, progressive and explosive spalling. Explosive spalling is the most violent form of spalling, which may be encountered in tunnels because of the special fire characteristics as described in the section on Fire Characteristics and Fire Curves. In particular, recent tunnel accidents have shown that it constitutes the main reason for significant structural damage to the concrete linings, and therefore it will be further analysed.
Explosive Spalling
The main feature of explosive spalling is the burst-out of concrete pieces accompanied by sudden release of energy and loud sounds. Numerous factors affect the explosive spalling of concrete and are summarized in the fi bres -Air entrainment Two main mechanisms are considered for the explanation of this phenomenon 21, 33, 35, 36 : the hydraulic and the thermal spalling. The first is attributed to the low permeability of concrete, especially in combination with high moisture content, resulting in a pore pressure build-up (tensile stresses). The second is caused by the restrained thermal dilation of the region close to the heated surface by the cooler inner concrete, leading to high compressive stresses parallel to it. Additionally, a combination of the above mechanisms has been proposed, 21, 33, 36 whereas the external loading is of great importance in any approach.
High and ultra high strength concrete (HSC and UHSC, respectively), which are mainly used in case of prefabri- 36 In spite of the high strength and good durability, their low permeability acts as a disadvantage at high temperatures. It should be noted that some doubts over the credibility of this deduction have been expressed, 40 according to which the effect of low permeability may be balanced by the effect of high splitting tensile strength.
The available standards for the protection of structures against spalling are insufficient. For instance, EC 2-1.2 30 requires no specific check for spalling if (a) the moisture content of the concrete is less than 3% by weight (otherwise a more accurate assessment of moisture content, type of aggregate, permeability of concrete and heating rate should be considered) or (b) the tabulated data are used to prescribe generic fire ratings for concrete members (except for axis distances greater than 70 mm). Considering spalling in tunnel linings, PIARC 28 and ITA 8 have proposed some guidelines with respect to the fire resistance for road tunnels, however, without providing certain technical details, while RWS (the Directorate-General of Public Works and Water Management in the Netherlands) 41 have specified some performance criteria for under water tunnels.
Nevertheless, extensive experimental and theoretical investigations have led to a rich stream of knowledge and experience, although these need to be depicted as robust prescriptive requirements. Therefore, some general remarks concerning concrete spalling can be made according to Ref. [36] . More specifically, medium concrete sections as well as NSC members with moisture content higher than 3% by weight are more susceptible to spalling. Moreover, the likelihood of explosive spalling increases with increase in the heating rate, with applied loads, higher concrete strength and thermal expansion. Finally, explosive spalling takes place within the first 40 min, otherwise it is unlikely to occur.
Modelling of Concrete and Tunnel Structures
The estimation of concrete response to fire constitutes a complex problem that in general requires fully coupled thermo-hydro-mechanical modelling. Several aspects have to be incorporated into the analysis: inter alia the temperature field, the vapour pressure, the moisture transport, the material degradation and the mechanical damage. Numerous models 32, 42, 43 have been proposed for the assessment of concrete behaviour at elevated temperatures based on the mechanics of multiphase porous media (concrete consists of solid, liquid (water) and gaseous (water vapour and dry air) phases). However, no existing model can accurately predict the spalling risk. Until now, there are no theoretical tools available to predict the probability and amount of spalling, while its prediction during heating has been largely an imprecise empirical exercise. 23, 33 Concerning the analysis of tunnel structures, several approaches, more or less sophisticated, have been proposed, that are mainly based on the finite element method. The simplest models simulate the ground around the tunnel using plane strain (for the ground) and plane strain or plane stress (for the lining) elements, accounting for the ground-structure interaction and the temperatureinduced loss of structural stiffness. 44 The discretization across the lining thickness requires that bending moments can be derived from the stress analysis. The temperature penetration into concrete is determined by means of a heat transfer analysis, considering appropriate temperaturedependent thermal properties (cf. the section on Fire Characteristics and Fire Curves); however, it becomes more complicated in the presence of spalling. Specifically, the thermal response of a spalled concrete member is generally underestimated to a large degree 45 (i.e., the predicted temperatures are much lower than the expected ones), which in turn provides an overestimated structural capacity. This problem can be addressed by incorporating a temperature-dependent removal of finite elements, 45 accounting for surface temperatures, which indicate the occurrence of spalling in NSC and HSC based upon experimental results (usually in the range of 350-450°C). Specifically, once the developed surface temperature reaches the predefined critical level, a concrete layer of certain thickness is removed. The heating process continues until the temperature of the current surface becomes equal to the critical one, the next concrete layer is removed, and so on. Afterwards, the thermal analysis may be followed by a mechanical (static) analysis to evaluate the structural performance of the considered element. In the framework of two-dimensional (commonly plane strain) finite element modelling, some more advanced studies have been carried out. 46, 47 Particularly, both the temperature and the dehydration degree fields are determined by means of a chemo-thermal analysis. The obtained results serve as input for the subsequent chemo-mechanical analysis, providing insight into the deformation and stress state of the lining. An approximate estimation of the spalling depth can be obtained from the plastic strain profiles in the radial direction.
Another procedure is based on the layer approach. 48 The lining section is divided into layers at its depth (considering both concrete and reinforcement, Figs. 6a and 6b, respectively) , and after the determination of the thermal profile (usually by means of heat transfer analysis as mentioned previously), the structural response of the entire system is calculated within the ''beam-spring'' concept (Fig. 6c) . The global structural model for the lining includes ground-structure interaction since the tunnel lining is modelled through layered beam finite elements, whereas the ground is modelled using compression-only spring elements of appropriate stiffness. The layer approach enables the consideration (a) of spalling of the tunnel structure by deactivation of the respective layers at the inner side of the lining and (b) of assignment of temperature-dependent material parameters of concrete and steel reinforcement to the remaining layers. [49] [50] [51] Furthermore, advanced models that cope with the thermal fluid-structural coupling have been presented recently, considering a multiphase porous material for the simulation of concrete at high temperatures. 52 These models go a step forward from previous simulations, where the calculated thermal fluxes were used as input for the analysis of the concrete structure. 53 However, these models are not suitable for practical engineering design purposes.
Consequences of Fire on the Concrete Lining
Damage to the concrete tunnel lining when heated is mainly caused by dehydration, which leads to loss of strength and stiffness, as well as by possible spalling, as has already been mentioned. The condensation of smoke on the tunnel wall, the ceiling and the operational installations causes further impairment. It is always regarded that the tunnel cannot be operated for a considerable period of time, until the necessary remedial works are accomplished, including apart from the civil engineering repairs, the electromechanical ones. Despite the fact that even severe fires have not led to an entire collapse of the tunnel crosssection, the damage to the equipment and to the secondary structures, the disruption of service, the difficult conditions of repair and the large quantities of materials required increase the economic cost. For instance, in the extreme case of the Channel tunnel, which was the closest to an actual collapse, 680 tons of plain shotcrete and 630 tons of fibre-reinforced shotcrete were used for the replacement of the damaged lining concrete. 5 Specifically, the 450-mm thickness of the HSC precast lining segments with compressive strength of 80-100 MPa was reduced by 100-200 mm. 46 The effects of such intense tunnel fires on the concrete lining depend on the material constituents and their quality, as well as the moisture content and the loading conditions that also depend on the form of the tunnel. 21, 54 In circular and horseshoe tunnels (Fig.  7) , the principal load is compression in the circumferential direction. The imposed constraints in both the longitudinal and the circumferential directions (the colder parts of the lining resist the expansion of the inner heated ones) may lead to higher compressive stresses during fire exposure, which increase the spalling risk. A critical condition is reached within the wall thickness, where a stress peak arises as a result of the stress relaxation of the most exposed layer and the deformation constraint exerted by the cold extrados 54 ( Fig. 7) . However, they usually have ample capacity for the actual service load, and as a result they can sustain significant damage, including concrete spalling. If the conditions for activating a collapse mechanism are not met, the contour of the tube section is slightly affected by the thermal strain and no significant change in the interaction with the surrounding ground is expected. 54 It should be noted that in case of segmental linings, the deterioration of the flexural stiffness of the joints may affect the overall structural behaviour of the lining rings and determine the failure pattern. 55, 56 On the other hand, the rectangular tunnels of the cut-and-cover type present different behaviour. The moment action is more pronounced, and sagging of the roof due to overheating of the steel reinforcement is a possible failure mechanism. 54 This can generally be prevented by increasing the lining thickness, which is often limited.
Another important issue related to real tunnel accidents concerns the investigations for assessing the damage to the concrete lining with the objective of determining the need for repairs (from the identification of burnt concrete to the measurement of concrete thickness and so on). A comprehensive review for the existing assessment methods of fire damage to concrete tunnel linings, Finally, the damages to tunnels can as an example be illustrated by the observed structural damages in the case of the Tauern tunnel, 7 which constitutes a characteristic example of severe tunnel fire accident. Long parts of the ceiling (up to 6 m) were detached and spalled concrete from the side walls all over the pavement was observed (Figs. 8a and 8b) . Moreover, the unreinforced concrete of the inner lining spalled to a maximum depth of 400 mm over a 100-m tunnel length in the area of the highest temperatures. Adjacent to this area, there was spalling of 50 mm over the complete side wall surface or locally over another 450 m of tunnel length. Lastly, about 600 m 3 of chip-size spalled concrete had to be removed, being replaced via shotcrete lining using appropriate connecting rebars (Fig. 8c) .
Protection Measures
Higher or lower fire protection is required, depending on the possible fire load, the structural behaviour of the tunnel (cf. also the section on Consequences of Fire on the Concrete Lining) and the consequences of a possible structural failure due to fire. PIARC 28 and ITA 8 have proposed some appropriate design criteria and guidelines. They require that when the fire safety is needed, an assessment of the protection measures, which aim at preventing heavy structural damage and assuring the reparability of the structure, shall be carried out. In the following, the available passive protection measures are presented, after an initial brief reference to the active systems.
To be suitable for consideration for use in tunnels, a suppression system must be able to control fire growth within acceptable parameters and to prevent spread to adjacent vehicles. It should limit the growth of a fire by pre-wetting adjacent combustibles, controlling ceiling gas temperatures to prevent structural damage and providing the possibility of manual fire-fighting. 1 Water mist systems and sprinklers have proved to be effective in mitigating the effects of tunnel fires. Reference is made to the existing literature 1, 57 for information about active mitigation measures against fire.
On the other hand, several passive protection measures have been proposed for the avoidance of concrete explosive spalling that are currently adopted in the design of new tunnels. First of all, the concrete quality constitutes a factor which may ensure the integrity of a structural member. Nowadays, it is quite possible to manufacture concrete with qualities that have very little probability of spalling even if the moisture content is relatively high and the structure is loaded moderately in compression. 31 Furthermore, fire resistance depends among others on the shape and thickness of the structural members as well as on the layout of the reinforcement. The disappearance of the concrete cover in case of spalling makes the reinforcement bars unprotected. This leads to an increase of the heat transfer speed and subsequently to a further degradation of the concrete properties within the section accompanied by a rapid weakening of the steel rebars (cf. sagging in case of rectangular tunnels as described in Chapter 4). Therefore, a sufficient protection could be obtained by applying a larger covering of the main reinforcement (60-70 mm) and adding extra mesh reinforcement (with a covering of about 20 mm). 31 However, the most effective options for successful passive fire resistance, although not necessarily cost effective, are the incorporation of external insulation (usually thermal barriers, as shown in Fig. 5b , which keep the heating rate in the concrete at a low level) and the addition of polypropylene (PP) fibres in the mixture of concrete. There are many types of thermal barriers including insulation boards and coatings (e.g., cementitious ones 58 ) as well as sprayed-on materials. In general, they reduce the heat flow to the substrate material limiting both the heating rate and the maximum developed temperatures at the concrete surface. A comprehensive overview concerning the use of thermal barriers for passive fire protection of concrete structures has been presented. 37 . There are several requirements that must be met during service condition and during fire. However, if the barrier fulfils these requirements, it constitutes the most effective solution, addressing both pore pressure and thermal stress spalling mechanisms, although the cost is much higher as compared to the incorporation of PP fibres.
The addition of PP fibres in the mixture of concrete is more recognized and widely used among the other possible solutions. The fibres melt at about 160°C and thus create channels and micro-cracks in which the water can be transported without developing high pore pressures, as has been verified through laboratory tests. 59, 60 Thus, as a result of melting of the PP fibres, an increased permeability is observed. Fire experiments have shown that the permeability of concrete with 1,5 kg/m 3 PP fibres can be up to four times greater than the permeability of concrete without fibres. 61 Even though spalling may not occur in linings reinforced with PP fibres, dehydration of concrete requires the replacement of the damaged part of the lining. The part of the lining characterized by an adhesive tensile strength lower than 1,5 MPa must be replaced, while the depth of this part can be estimated from the distribution of the degree of hydration in the lining after a fire accident. 47 Tests have shown 62 that the matching of the grading curve and the type of aggregate have a particular significance besides the addition of PP fibres. 62 The effectiveness of the PP fibres in the developed HSC mixes was tested using the fire curve of RABT/ ZTV for rail tunnels (Fig. 1) . The concrete C55/67 with a PP fibre content of 2 kg/m 3 showed no spalling when flamed. To achieve comparable results, the HSC required 4 kg/m 3 of PP fibres. The UHSC, however, still showed surface damage even with much higher PP fibre content (6 kg/m 3 ), with spalling of more than 10 mm. It should be noted that when using such quantities of fibres the workability of concrete may be affected.
Besides the size and the characteristics of the aggregates, the inter-aggregate spacing, the water-to-cement ratio of the mixture as well as the number, the length and the thickness of the fibres play a significant role concerning the effective prevention of spalling. 63, 64 Furthermore, the use of fibre combinations may improve the behaviour of a concrete member. Steel fibres, in combination with PP fibres, can limit the risk of propagating spalling by increasing the fracture energy of concrete, 47, 60 whereas its residual mechanical properties show a significant improvement. 65 The use of steel fibre concrete is advantageous for segmental linings subjected to bending loading, instead of the usual reinforced concrete, 62 which, however, is necessary in case of prominent compression for construction purposes. Moreover, the combination of PP with nylon fibres has shown a favourable effect on spalling mitigation. Specifically, better protection against spalling with lower fibre demand (up to three times less fibre content 66 ) has been observed compared to that using only PP fibres. 66, 67 Concerning now the toxicity of the aforementioned protection measures, the use of inorganic materials for the thermal barriers would deter the production of smoke or toxic gases under high temperatures 1 as long as they do not burn in contrast with organic ones. On the other hand, the combustion of PP fibres used in tunnel concrete mixes has indicated negligible toxicity. 68 A summary of the various proposed prevention measures, especially against concrete explosive spalling, accompanied by a concise evaluation of their effectiveness, is described in Table 1 . 21, 23, 36, 37 Finally, it should be noted that all these measures serve to retain the tunnel structure, but not to extinguish the fire.
Conclusions
An overview of some design aspects of concrete tunnel linings for fire safety has been presented. Initially, the thermal response was discussed. The special characteristics of tunnel fires have led to the development of specific fire curves with rapid temperature increase and high peak values. Transient heat transfer finite element analyses were performed to investigate the influence of each curve on the developed thermal profile at the depth of an unprotected reinforced concrete crosssection. It was shown that steep temperature gradients occur within the first few minutes, indicating the high risk for concrete spalling. The effect of fire on the concrete behaviour was described. Focus was given on explosive spalling, which occurred in many catastrophic tunnel fire incidents. The main features and mechanisms of spalling were presented. Finally, the available passive protection measures were examined, with the thermal barriers and the PP fibres being the most popular and effective solutions.
Despite the fact that extensive experimental and theoretical investigations have been carried out over the past decades to provide a deeper insight into the problem of concrete spalling, there are no prescriptive recommendations. Therefore, an effort should be made in the near future to depict this valuable knowledge into design standards. Furthermore, a systematic study should be performed in order to deduce design charts (or tabulated data) with respect to the structural fire performance of concrete members when thermal barriers and/or PP fibres (or fibre cocktails) are used, even for preliminary assessments. Additionally, a robust method for the calculation of fire resistance of protected concrete members against spalling should be established in combination with methods for the prediction of the explosive spalling risk. In spite of the lack of trustworthy practical tools, design assisted by test procedures can be used when spalling is expected. Finally, the development of the more sophisticated numerical procedures, which account for the thermal fluid-structural coupling in conjunction with the detailed multiphase modelling of concrete, should continue, since they can provide a better understanding of the developed thermal field and of the corresponding structural response of concrete tunnel linings during fire events.
